Introduction
Purine (adenine and guanine) and pyrimidine bases (thymine, cytosine, uracil) are essential building blocks in DNA and RNA which play an crucial role in storage of genetic information and in protein biosynthesis. 1 Xanthine is metabolite of purine bases in nucleic acids through a series of biochemical pathways. Nucleosides (cytidine, thymidine, adenosine, guanosine and uridine) are involved in the regulation and modulation of various physiological processes in the central nervous system. 2, 3 Nucleosides and free bases are all vital in biochemical processes that relate to a variety of diseases and metabolic disorders. Therefore, the analysis of nucleosides and free bases is an important issue in physiological and pharmacological studies. 4 The components of nucleic acid have been analyzed in physiological liquids including urine, [5] [6] [7] blood serum 6 and human cerebrospinal fluid. 8 They have also been analyzed in some medicine, such as Cordyceps sinensis, a traditional Chinese medicine. [2] [3] [4] [9] [10] [11] [12] In recent years, a new area in which the analysis of components of nucleic acid is being used is food industry. 13 In beer, the presence of nucleic acid is derived both from the mash and from yeast activity during fermentation. These compounds have been related to off-flavors in food, being a marker for its freshness. 14, 15 RNA soft capsule, a health food supplement popular in China, has benefits on regulating blood lipid and improving immunity. The principal sources of dietary nucleosides are nucleic acids (DNA and RNA), which are digested by ribonucleases and deoxyribonucleases to nucleotides and then digested further by phosphatases to nucleosides for absorption from the small intestine.
2 Therefore, the analysis of nucleosides and free bases is significant in beer, herring sperm DNA and RNA soft capsule.
Several methods have been developed for the separation of nucleosides and bases. The vast majority of these separations have been performed by using either reversed-phase high-performance liquid chromatography (HPLC) 2, 4, 5, 7 or normal-phase HPLC. 9, 16 In some HPLC methods mentioned previously, complex gradient systems were often used, and fewer nucleosides and bases were analyzed simultaneously. To the best of our knowledge, there are no reports on the simultaneous separation and determination of the eleven nucleosides and bases in beer and RNA soft capsule by HPLC. Capillary electrophoresis, 11, 14, 17, 18 micellar electrokinetic capillary chromatography, 1, 15, 18 ion-pairing chromatography, 6 ion chromatography 19 and liquid chromatography-mass spectrometry (LC-MS) 2, 10, 12 have also been developed for quantification of nucleosides and bases. Compared with other methods, HPLC has been a simple and widely employed technique in the separation of a great variety of samples.
The aim of this work was to develop a simple, fast and sensitive HPLC method for simultaneous determination of eleven nucleosides and bases, including cytosine, cytidine, thymine, thymidine, adenine, adenosine, guanine, guanosine, uracil, uridine and xanthine. The proposed HPLC method has been applied for the determination of the analytes in beer, herring sperm DNA and RNA soft capsule. Furthermore, the hydrolysis procedure for herring sperm DNA has also been optimized.
A simple and rapid high-performance liquid chromatography method was developed for the determination of eleven nucleosides and bases in beer, herring sperm DNA and RNA soft capsules. The separation was carried out on an Agilent extend-C18 column with a simple gradient elution of acetonitrile and water as the mobile phase. Good linear relationships between the peak areas and the concentrations of the analytes were obtained. The detection limits for eleven analytes were in the range of 0.007 -0.037 mg/L by UV detection at 260 nm. The relative standard deviations (RSDs) of the retention times were in the range of 0.78 -1.85% for intra-day and 0.87 -1.94% for inter-day, respectively. The RSDs of the peak areas were in the range of 2.71 -3.22% for intra-day and 3.03 -3.39% for inter-day, respectively. This method has been successfully applied to simultaneous determination of eleven nucleosides and bases in beer, herring sperm DNA and RNA soft capsules with the recoveries in the range of 93.7 -108.3%. 
Advancements in Instrumentation

Experimental
Reagents
Cytosine, cytidine, thymine, thymidine, adenine, adenosine, guanine, guanosine, uracil, uridine and xanthine ( Fig. 1) were purchased from Beijing Biodee Biotechnology Co., Ltd. Acetonitrile, formic acid and HCl were purchased from Beijing Chemical Factory. Yanjing beer was purchased from a supermarket (Beijing, China). Herring sperm DNA was also obtained from Beijing Biodee Biotechnology Co., Ltd. RNA soft capsule was obtained from Tsinghua Ziguang Science and Technology Co., Ltd. (Beijing, China). All reagents were of analytical grade. All water used was doubly deionized water.
Stock solutions of each standard (1 g/L), except for guanine, were prepared in doubly deionized water and stored in a refrigerator. Guanine (1 g/L) was prepared in 0.1 M HCl and stored in a refrigerator. A mixed stock solution containing eleven standards (80 mg/L) was also prepared and diluted with doubly deionized water so as to obtain the desired concentrations.
Apparatus and chromatographic conditions
Chromatographic analysis was carried out with an Agilent 1100 HPLC consisting of a G1311A quaternary pump, a G1379A degasser and a G1314A UV detector. The separation column was an Agilent extend-C18 column (250 mm × 4.6 mm i.d., 5 μm). Samples were injected using a six-port injection valve with a loop volume of 20 μl. Data acquisition was accomplished using a HP ChemStation.
Solvents for the mobile phase were water (A) and acetonitrile (B). The gradient elution was: 0 -30 min, linear gradient 0 -7.5% B; finally, reconditioning the column with 100% A isocratic for 15 min after washing column with 100% B for 15 min. The flow-rate was 0.5 ml/min. The UV detection wavelength was 260 nm.
Sample preparation
Yanjing beer was degassed for 30 min using an ultrasound bath, and filtered through a 0.45-μm membrane prior to analysis.
Accurate amounts of herring sperm DNA (0.02 g) and RNA soft capsule (0.152 g) were hydrolyzed with 2 ml of formic acid at 100 C for 1 h in sealed conical flask, and then formic acid was vaccum-dried; finally, the hydrolysate was dissolved in 25 ml of deionized water and filtered through a 0.45-μm membrane prior to analysis.
Results and Discussion
Optimization of chromatographic conditions
Selection of the mobile phase should consider obtaining good separation within a short analysis time, especially when numerous analytes are analyzed simultaneously. As can be seen from Fig. 1 , the eleven nucleosides and bases have hydrophobic groups, whose retentions on a C18 column were mainly attributed to hydrophobic interactions with the C18 column. Complete separation of the eleven nucleosides and bases could not be realized if only water was used as the mobile phase. The addition of acetonitrile into the mobile phase can strengthen the hydrophobic characteristic of the mobile phase; consequently, eleven nucleosides and bases were be eluted more rapidly. However, due to the similar structure of the eleven analytes, isocratic elution with water/acetonitrile mixed solutions could not yet separate them completely. Therefore, a simple gradient elution program was used with water and acetonitrile as the mobile phase.
Furthermore, the final concentration of acetonitrile in the process of gradient elution was optimized in the range of 7 -8%; when its final concentration was 8%, cytidine was difficult to separate from guanine; when its final concentration was 7%, the retention times of each analyte were further prolonged. Thus, 7.5% was used as the final concentration of acetonitrile in the process of gradient elution. Additionally, ammonium acetate was added into mobile phase to control the acidity. 12 In our experiment, ammonium acetate solutions of different concentrations ranging from 0 to 40 mM were used in the mobile phase in order to study the effect of ammonium acetate on the separation.
With increasing concentration of ammonium acetate, although the adenine peak was improved with a sharper shape and better symmetry, xanthine was eluted together with guanine. Therefore, ammonium acetate was not used finally in our experiment. The optimum chromatographic conditions are summarized in the Experimental section. An HPLC chromatogram of a mixed working standard solution under the optimized chromatographic conditions is shown in Fig. 2(a) .
Optimization of the procedure of sample preparation
An ideal hydrolysis for nucleic acid should completely hydrolyze nucleic acid into bases without degradation of the products. However, formic acid of high concentration is possible to induce the degradation of bases. Therefore, the concentration of formic acid for sample hydrolysis should be optimized. Herring sperm DNA (0.02 g) was used to investigate the hydrolysis abilities of 2 ml 50, 75 and 100% formic acid solutions at 100 C for 1 h. The results showed that the contents of cytosine, thymine, adenine and guanine increased obviously with increasing concentration of formic acid, so 100% formic acid was used in our experiment. Furthermore, the volume of formic acid was also optimized by adding 0.02 g herring sperm DNA into 2, 4 and 6 ml 100% formic acid at 100 C for 1 h. The result showed that 2 ml of formic acid was enough to hydrolyze 0.02 g herring sperm DNA.
Method validation
The linear relationships between the concentration of the analytes and the corresponding peak areas were investigated under the optimum separation condition. The linearity of each analyte was evaluated by using a series of standard solutions, and each standard solution was measured in triplicate. The obtained results are summarized in Table 1 . The detection limit was considered to be the minimum analyte concentration at a signal-to-noise ratio of 3. The determined results were also listed in Table 1 .
Intra-and inter-day variations were chosen to evaluate the precision of the developed method. For the intra-day variability test, a mixed standards solution (40 mg/L) was analyzed for five replicates within 1 day, while for the inter-day variability test, the solution was examined in duplicates for consecutive 5 days. Variations were expressed by the relative standard deviations (RSDs) of the retention times and the peak areas of the analytes for intra-and inter-day. The RSDs of the retention times were in the range of 0.78 -1.85% for intra-day and 0.87 -1.94% for inter-day, respectively. The RSDs of the peak areas were in the range of 2.71 -3.22% for intra-day and 3.03 -3.39% for inter-day, respectively. The results concerning the precision of the developed method are summarized in Table 2 . The recovery was performed by adding the standard of each analyte at two different concentration levels into an accurately weighed sample. The mixture was extracted and analyzed using the mentioned method above. The average recoveries of the method were obtained in the range of 93.7 -108.3% for the eleven analytes in the three samples, and the results are also given in Table 3 .
Sample analysis
The proposed HPLC method was used to analyze eleven nucleosides and bases in beer, herring sperm DNA and RNA soft capsule according to the procedure described in the Experimental section. The chromatograms of beer, herring sperm DNA and RNA soft capsule are shown in Figs. 2(b) , 2(c) and 2(d), respectively. The identification of each analyte peak in real samples was not only carried out by a comparision of its retention time, but also by spiking samples with a standard. Due to the complex sample matrix, small variations on the retention time were observed when real samples were analyzed. The contents of the analytes in the three samples are given in Table 3 . According to Table 3 , the results in beer were similar to those found in a previous report. 17 This means that the proposed HPLC method was feasible for the simultaneous determination of eleven nucleosides and bases in the beer. The baseline signal was unstable as shown in Fig. 2(d) mainly due to the presence of impurities in the RNA soft capsule. Due to the interference of impurities in herring sperm DNA and RNA soft capsule, the accuracy of quantification for a few analytes might be affected to some extent.
Conclusion
Nucleosides and bases may be reasonable markers for evaluating the nutrition of the materials containing nucleosides and bases. The developed method based on simultaneous determination of eleven nucleosides and bases was simple, rapid and sensitive with good linearity, precision and recovery, which has been applied to beer, herring sperm DNA and RNA soft capsule. The method is operated more easily, so it can be used for a routine analysis of nucleosides and bases.
